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abstract: a highly flexible, yet couserved polypeptide loop of HsplO mediates binding to kspGO in the 
course of chapcromn^depcndcm protein folding. Previous transferred nuclear Overtiauser eAfect (trNOE) 
stndj^ with peptides based on the mobile loop of the Eteftsriehia coli and bacteriophage T4 HapIOe 
suggested thar the mobile loop adopts a cbaracterietic hairpin mm upon binding lo die ^ coli Hsp60 

u77' -J ^^^f^' ^® idendfy die sequence and characterize the nascem strucmie and Idynamica of 
fibe 18-rcsiduc mobile loop in die '^N-enriched human HsplO. We also identify four reeidufes of anodaer 
ncxiblc loop, die roof /5 hairpin. The mobUe loop and/or roof p hairpin of several sufaunits are absent 
from the X^ray crystal etructure of bumM HspIO. NMR data suggest d»ar cbe mobile lo6p of HsplO 
prefe^ntially samples a hairpin confomialian despite die fact chat the backbone motion rcseiibles that of 
a disordered Polypeptide. Analysis of backbone dynamics by measurement of relaxation times. 7, 
and n, and the »H-<«N nuclear Overhauser effect {^H-i^N NOB) indicates that motion is ktcatest near 
the colter of the loop. loveiBion of die nempCTature dependence of the Tt near the cenieir of dae loop 
marks a transition to mpuon widj a dominant time scale of less ^lan 3 ns- Analysis of the relaxation data 
by spectral density mapping shows that sobnanbsccond motion increases uniformly aloo^ 'dic loop ai 
elfivaad tsemperamres, whereas nanosecond modon increases near dje eud^ of the loop 4<i decreases 
near the center of dicmobile loop. The transition to dominance by fast motion in the oawet of the loop 
occurs at a distance from djc weU-smiccored part of HsplO diat is equal to ihe pcrsiecencelengdi of ^ 
unscmcnired polypeptide. Simulation of the spectral density function for die lesonanc^ and its 
temperamre dependence using the Upari-Szabo formalism suggests diat die dominant dipe scales of 
loop motion range from 0-6 to 18 ns. For comparison, the time scale for molecular rotadim of the 70 
kDa HsplO hcptamer is estimaied to be 37 ds. Complex behavior of the Tz relaxation rime indicates diat 
mouon f^oc^^oa Ipngcf time scalee. All of the modes of loop modon are Jifady tb hafr an impact 
on Hspl0/Hsp60 mtemcDon end therefore of&ct HsplO/HspfiO funcdon as a chaperonln- I 



The ring-shaped heat shock proccms Jcnown as chapetXJtlins 
promote folding by cycles of ATP-dependent binding and 
release of nonnativ© proteins (Zeil5cra''RyaUs et al., 1991; 
Landry & Gicrasch, 1994; Hard. 19915). Almost all of the 
studies to date on tha meehaniRm of cbapBjrenjjp funcckap have 
focused on die Escherichia coli GtoEL/GroES diapcronin/ 
cocbapercmin pair* Similar chaperonin/cochaperonin pairs 
are found ia mitochondria and chloroplasts and are known 
variously as H5p60/Hspl0* or CpndO/Cpn 10, reflecting diair 
approxfmals subunit molecular weights of 60 x 103 a^d 10 
X 10*, tcspectivdy. [An exccptioa is the chJoroplast HsplO 
homolog, whijch baff a tandem duplication of the HsplO 
sequence and is called Cpn21 (Baneyx etal., 1995).] Amino 
acid scqu^cc t^onscrvatlon among HspdOs and HspiQs &am 
divergent orgaptsme suggests rijac the basic elements of riicir 
structure and fanction are conserved (Kootzfn & der Vies. 
1995; Hum etjal., 199d). Nevertheless, distinct features of 
mitochondrial , biology such as protein impon could have 
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in^sed distinct requinunents on the f^6p6(VHsplO of char 
organelle. i 

Hflp60s and HsplOs shore 7-fbld synimetry as befits their 
SUtniEiit-CO-subunit interaction In cycleiT of ATP-dependent ' 
binding and disaocisuoo. Elecbon microscopy of HspGOs 
finool E. call (Hendrix, 1979; Hohn et al., 1979). ycaat 
mitochondria (McMullin & HaUberg, 19B8), and hi^er plant 
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chloroplasts (Pushkin ct aj., 1982) teveala a sunUar orsaniza^ 
don, 14 Bubuoits arranged in cwo stacked dngs. Surpnsuigly* 
a single-ring eotnpl X is the predotnlnairt form of ibc 
recombinanc mammalian mitochondrial Hsp60 (Viitanen et 
al., 1992), but double-ring complexes also ate present (P, 
vi'iiancn, personal coramunicaaon). Elecoron microscopy 
and other studies show that GroES binds at one end of GraEL 
wuh ADP or at bocb ends with ATP (Langcr et al., 1992; 
S hmidt et al., 199^; Azem et aJ., 1995; Roscman ct ol„ 
1996; TOrok ei al., 1996). Binding of GroES closes flie 
GroEL cavity and simultaneously sequesters its hydro- 
phobic bindinB sites (Roseman et al.. 1996). An iwfolded 
substrate protein can bind in ijie cavity at eiflacr or boib ends 
of the GroEL cylinder, and then GroES can cap the end 
encjofling the sob«traie prorein (Wcissman et ri-, 1995). 
GroES binding is thought to trigger release of the sub- 
strate into die aqucoua incerior of GroHL, but escape of the 
protein into the bulk solvent may require prior disfiociatioa 
of GroES. , ^^^^^ 

The crystal atructurcfi of GroES (Hunt ct al.. 1990), 
MycobacTEHum leprae HsplO (Mande et al., 1996), and 
human HsplO (J. F, Hunt, B. J. Scott, L. Henry, J. Guidry, 
S. J. Landry, and J. Deisenhofeti unpublished results) reveal 
a molecular frame for dynamic features diat mediate intfir- 
subunit or intennolecular interactions. Each subunit is 
cqpipoacd of a topologjcally irregular (I baxicl wilfa two 
protruding loops. The roof fl hairpins e^nend from the tqp 
of tha barrels coward ihc 7-foid aodn, giving the molecule a 
dome-eha{jed appearance. On die basis of an apparent lack 
of stabill Jong interacdons and high crystallograptiic fi-factors. 
the roof P hairpins of GroES wcna postulated lo be metastable 
(Hunt ec al., 1996). If the roof were to become disordered, 
the 7-10 A opening at the top of tne dome could grow to 
25-30 A, potcndally providing an exit route Cor small folded 
proteins or unfolded proteins (Hunt et el,, 1996). In the 
crysial stfucture of the recombinant human HsplO, six of 
seven too/^ hairpins were not observed, suggesduag diax ihey 
arc disordered. 

The GroEL-bindlng mobile loops extend ounvard from the 
lower edge of the GroES dome where each may bind to a 
OroEL subunit at the end of the'Groja: cylinder. TTiB Id- 
residue moWle loops of GroES were first identi^ by 
nuclear ihagnedc resonance spectroscopy (NMR) owing to 
their unusually high deg^ of dynamic flc;yb>Ijty (Landry 
ct al., 1993). Subscquwdy,»a 22-reBiduc mobile loop wa* . 
found iri the homologous isegment of the GroES tiomolog 
encoded by bacteriophage T4, the product of gene JJ, Gp3 1 
(Landry iet al-, 1996). Jnteriction of gene 31 with grvEL 
and of 2ToEL with gcno 25, encoding tl>fi T4 capsid proiBin. 
suggests! that GroEL and Gp31 cooperate in the folding of 
GpOa (Zeilstra-Ryalla el al., 1991). Amino acid rcsfdoc? of 
the GxoES and O^l mobile loop* axhlbiied well-resolvcd 
tescmances, and sequence-specific assignments were 
obtained using two-dimensional homonudcwr NMR mediods. 
Only on« mobile loop is visible In the' crystal gnucture of 
GroES, this loop having been imumobilized.by crystal lattice 
corrtacis. Similarly, mobile loops of human HsplO are 
visible because they are trapped by latdce contacts, Tb© 
other five mobile loops ^re disordered. None Of the ihobilc 
loops aire cTvident in the . struchira of M- Uprm HsplO. 
Immobilization of the loops when GroES binds to GroEL 
and localization of groES/groEL and gene 31/groEL generic 
inieracdon to the loops, indicat s that the mobile loops 



j Landry et al. 

mediate an essential interface becwJen GtoBS and GroEL 
proceina (Landry et al., 1993. 1996)^ 

The mode of mobile loop biodirig to GroSL. has been 
analysed by transferred nuclear Qvetpuser effects (bcNOEs) 
in nuclear magnetic resonance spectra of synmedc pepddcs 
roimltiing GroES and GpSl mcobilfa loops (Landry et al., 
1993, 1996). The loop peptides adopt a characocristile hairpin 
mm and make contact wjth GroEL llirough a hydrophobic 
tripepdde picscnted on on© edge of tibie hairpin. Since 
binding to GroEL immobilizes the joop, wp ppopoeed diat 
1033 of backbone dynamic flexibility acts as an cntropie 
penally for binding and therefore m|oderates GroES/GtoEL 
afimisty, allowing facile cycling of ithe con^lc^. 

The backbone flexibility of H^plO mobUe Ipops is 
particularly interesting for several lehsons: the niobile loops 
mediate a biologically crucial protiin— proidn interaction; 
loop tnobiliiy seems to be a key Jrequimmeot for HsplO 
function; and a target conformation (ot GtoEL-boimd mobu 
loopa is kno>vn from the peptide t*rOE sradics. Analysis 
of NMR fcla;umon processes proifidcs a means to study 
backbone dynamics. Flexible segm^ in a number of naiive 
proirins have been smdled by NMR- j Some flexible segments 
occur at enzyme active sites, uiedlate protein-protein 
interaction, or mediate protein-tlucleic acid interaction 
(Barbate et al., 1992: Redfield ct al.' 1992: Zink et al., 1994; 
NMiolaon « al-, 1995-, Cai et aL,jl99e; Cho ct aLv 1996; 
Martais et aL, 1997). These eegmeintp are less flexible than 
unfolded polypeptides, and they exhibit eignificanc confor- 
,tnauonal biasea. Othcp flexible segments arc intetrfomain 
linkers, which exhibit Utde cvidende of stnicnite (No^^ak ct 
al.. 1993; Freund ct al„ 1994; Hansen et al.. 1994; Zhou et 
sd., 1996). Nonnative proteins display aubstaniial confor- 
mational averaging that is biased toward natiarclilfle jiructnro, 
depending on how strongly denaturing ane the experimental 
conditions (van Mlerto et al., 1993^ Aloxandreficu Sl Shomtf, 
1994; I^gan et al., 3994; Redfid^l et al., 1994; Farrow et 
al., 1995a,b, 1997; Zhang & Forinan-Kay, J995. Buck ct 
al., 1996). GcDcrallyr backbone ciiodon is at a triinimum in 
the most stniciured potdon of djd polypepudes- In a few 
cases, nonnativelike umicniral elements ^tro dcrcctod in 
unfolded proteins (Logan ec al., ^994; Zhang *fe Forman- 
Kay, 1995)- I 

The temperature dependence oi NMR relaxation data on 
proteins and peptides has not been >yidely examined. In one 

• study 6n native rtbomidease HL t jc amcplitado of aubnono- 

• second morion w]as found to inoleasc while its time seal© 
.remained constant (Mandel et al„ 1996). Another sujdy ou 

. both folded and unfolded states af tbe drfeN SH3 dotiiaxn 
fomid thai inienial dyiiamka of du i fWried state 
linlc ai elevated temperature, whsEcas the dynamics of *c 

. imfclded staic increased aisnificaody (Farrow et 31.1997^^ 
For the folded promin. the tSSakt of solvent viscosity on 
molecular tumbling dominared tne temperature dependent 
of die spectral density function at tritfJ firequ^icy (516 MHz). 
In diflt work, the-dala were analyzed using bodi the model- 
free approecb and Jpeciral densi y m^ing- 
i In the wor»c reported hei. ISMJl tnetbpds arc used to 

• identify the Hsp60-binding mo bite loop I in recombmanx 
■human HsplO and to cbaracterii© itR backasone dynamics. 
In addition, we find the roof /» hairpin of HsplO is flexibly 
disordered- These flexible segnjcnts concspoad closely to 
segmena of HsplO diat were n^t resolved in the structure 
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of the HsplO heptamer determined by X-iay dif&acdoa with 
crystals grown in oitoilar solvent poadiiions. NMR dm 
iodicaia diat CDe loop prcfcrcndally aomples e hairpin 
conformation resembling Qie conformation chat die loop is 
litelyw adopt when bound loHfipeo. Tlac analysis of NMR 
rdaxation processes for the "N-cnriched HflplO reveals a 
complex profile for the mobile loop dynamics. Inversion 
of the tentperature dependence of the spin— laidce relaxailoa 
time neai: die center of die mobile loop provider an 
independent indlcaEion of cbc domioant time scales of 
backbone motion. Analysis of the relaxation data and its 
tcijipcratuyc dependence by spectral density mapping and 
simulation using the Lipari— Szabo formaJiem yields an 
estimate for the range of time scales for mobile loop modont 
and it shows that morion broadly ehiftfl to foster time scales 
at elevaced temperohirc. 

EXPERIMENTAL PROCEDURES 

Cloning and Expression of Human HsplO. The cpNA 
for human HsptO was prepared by reverse transcription of 
total RNA isolated from human ttmbUical vein eplthdial cells 
followed by onaplificedon using die polymerase chain 
reacdnn (PGR) (Giboo/BRL prcompUficecion cyst^ and 
PcrJdn-Elmer). Primer design was coordinaficd wich the 
published sequence (Monzini ec al., 199^) and incorporated 
silent mutagenesis for reetnenon enzyme cleavage and 
cloning. The amplification product was deeded with testric- 
ti 0 enzymes Ncol and Sorl and ligaied into pET24d 
(Novagcn)- The resulting clone, pJGlO-2, was verified by 
DNA sequencing. Expression of HsplO was performed in 
' conjunction with the plasmid pLysS (Novagcn) encoding the 
T7 lysozynac in E, coli strain BL21(0E3). 

Purification of HsplO. Six X L culmrcs were grown in 
LB medium' widi 30 yttg/mL kanamycin and 34 /zg/mL 
cniorampheallcol ai 37 'C, When the cultures reached an 
Aoo8 of 0.8, isoptopyl X-tbio-yS-D-galaciopyranosidc (IPTG) 
(2 mM) W0i added to induce ezpcession of HsplO. and 
incubarion ww continued for 2 h. Subsequent snsps were 
earned out at 4 Cells were harvested by cenctriftigation 
at ISOO rpm and die pellet was resuspended in a final vohicne 
of 35 wL widi 100 tnM Tris-HQ, 5 mM MgS04, 1 mM 
dillnodzrpitca CDTT), and 30 fi^mL DNase I, pH 7.5; 
protease inhibitors (10 A^M E64. 10 fiM ^porinin, 1-5 mM 
PMSP, and 10 mM ECFTA) were added; and ihc cell* were 
lyscd by two pawes ihroug?) a Frend) ptes^ at 1000 psi. The 
volume was increased 3-ftdd, and aaU debris was removed 
by cenmfugadon ai 15 000 rpm. The supernatant was 
firactionoted, by emmomum sulfate predpitaHon; die 0-2.2 
M cut was^resuspcnded £a 50 mM Tns^HCl and 1 mM 
EPTA, pH'7.7.' and applied Co a DEA&celldioee cohimn 
equiJjbiatsdlw^ Ibe same bufEiet solution; and die flowifarou^ 
ccmtaining HsplO wa£ separated &om many of die remaining 
proDsins byjchromatography on en iSP fiephaxose HP (Phar- 
macia) colniDED equilibrated with 20 mM MES, pH 6.2^ using 
a Unsar gradient of 0-1.0 M Naa. The protein was stored 
as die precipitate with ammonium sulfate* For preparation 
of "N-cnrlcbed HsplO, six 1 L cultures were grown at 37 
*'C in M9 ijnedium prepared with ['*N] ammonium phlcxide 
(Cambridge Isotopes) and 0.2% glucose and supplemented 
with 30 ^g/mL kanaihycin, 34 A^g/mL chloramphenicol, and 
0.00005% diiamin hydrochloride. Wjeo dJe cukures reached 
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an Agoo of 0^, IPTG was added to induce expression of 
HsplO, and incubarion was contiaued fdr 3 h. SiIDsequmi 
steps were the same as for preparadon of th unlabeled 
protein. 

NMR Data Collection and Processing. Homonuclear 
NMR experimcnis were performed on aS mM (i.e., ca. 0.^3 
mM heptamer) sample of unlabeled H^plO, containing 40 
mM potassium phoephatE buffer, %% DiO (v/v), and traces 
ofNaNaandTMSP(pH6.0,25**Q. Tii[o.diinensional (2D) 
NOESY specua (Jeener ct al., 1979; Macura et al., 1981) 
with mixing times of 100 and 2D0 ms ana HOHAHA spectra 
(Davis & Bax, 1985) widi MLEV-17 o^ DIPSI-S (Shalca et 
al., 1988) of 30-80 ros were recorded tf'idx a spcccral widdi 
of 8000 Hz in both dimensions. Wjtor resonance was 
suppressed using low-power solvent sf turazion during the 
relaxation delay and, in the case of the I^OESY e^perimencs, 
during tbue mixing rime as well or using la *5ump-end-retum" 
pulse in place of die last 90* pulse in the NOESY sequence 
(Plateau A Chacron, 1982), and a 90° "flip-bacIT pulse 
followed by a jump-and-tctum puls^ affcer the DIPSI-3 
mixing sequence in the HOHAHA m*aaujcmcnts (Bax t 
al.. 1987). Typically, 512 iocremienis of 1024 or 2048 
complex riarfl points were collected fot each experiment 

Heteronuclear NMR experiments wire performed on a 2 
mM sample (i-fe-, ca- 0.29 mM heptamir) of uniformly '^N- 
cnriched HsplO, containing 40 mM jjjaiassiam phosphaie 
buffer, 5% D»0 <yN\ and traces of NaNs and TMSP. Ail 
NMR experimients were recorded oii a General Electric 
Omega PSG 500 MHz spectrometer dt 23 'C and pH 6.8, 
6.0, 4,2, or 3 J. The pH 3.5 sample wels nm ai five different 
temperatures, 10, 25, 35. 45. and 55 

2D IH-^^N correlation spectra were collected by factcro- 
nudear single-muldple quantum oobereoSce (HSMQQ (Zulder- 
weg, 1990), hEtcronuclcar single quannlm coherence (TOQC) 
(Norwood et al,, 1990), or hetertmuclear multiple quannnn 
coherence widi spin-echo water auppressjofl (HMQC-JR) 
(Sklcnar et al., 1987). Fox sequential assignments, HMCJC- 
NOESY (100, 130, and 300 ms nraiig rime) and HMQC- 
HOHaHA (30 and 60 ros mixing tim^) (Gronenbora et al., 
1989; Norwood et al., 1990) with DJ]PSM mixing scheme 
(Shafca et al., 1988) experiments were recorded- Typically 
128 or 256 increments of 1024 comfcjlcx data points were 
collected for each experimenr. Spectral widdis of 8000 and 
1428^ Hz wetp used in F2 aiwi Fl,|reapec1ively. The 
csWer was posiuoned on the HaO risonance^ and the 
carti« was positioned ar 11(5 ppm. ] In most experiments 
water was suppressed using a combination of low-power 
solvent saturitioa and aim pulses (MesserJe et al., 1989). 

'DatB were processed using Felj?^ 94.0 (MSI). Usually die 
residual water resonance w^ namoved by convolution before 
djtf Fourier ttansfbrm»tian(MadonetW., 1989^^ ZOT-flUlng 
was employed yield an ab30iptive| 2D matrix of 1024 x 
1024 d^lta points. | -u^r^r^ r 

' To mfeasure ^Jmai coi^Ung consrai^is, a series of HSQP-J 
data SBQ were collected, at 35 <»C enfa pH 3.5, with 10 time 
delays: 10, 30, 30. 60, 70; 80, 90. 100, 110. an4 130 ms. 
For eac^ spectcum a total of 128 real Fl and 1024 complex 
jF2 points were a«ed with spectral WWifas of 1428SI and 
gOODHz^rasE^vely. The 10 sets of data ww each treated 
^vith identical weighting fancdons ct-orcoct— Gauss in bodi 
dimensions) and transformed using the same phase corrcc- 
tions. Zero-filling was employed t^ yield 2D matrices of 
512 X 1024. real data pouics each- Measured volumes were 
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planed as a function of delay dmc and fit by a catve osin^ 
nonlinear Icast-squareB methods describsd by BnUitr ct 
al.(l992). , 

'^N Relaxation Experiments. The pulse sequences used 
for ihe measurcrocm of the spin-laitice {Ti) and spin--spin 
(7y relaxation limes^ COgeUicr wjtb one of the eKperijuencs 
used to measure heieronuclear Overhauser efCecc (NOB;}) 
of '^N nuclei in NH groups bav been descacibed previously 
(Kay St al., 1989; Boyd ct al., 1990; Palmer et aL, 1992). 
The Tj relaxation measurements used a scriels of 9^11 
expenmcntB with 8 relaxation delays of 20^2300 ms. Tt 
measurements used 12-14 experimenie with 9-11 delays 
of 8.7-348 ms. A recycle delay of 3.0 s was used for the 
Ti and 2 s iFor the Tj e;cperun(enu. Typically 64 DcansieniB 
were averaged for each free induction decay. The delay 
between 130 pulses in Che CPMG sequence (2t) was act lo 
1 ms, Suppreeeion of the solveai resonance vas achieved 
by low-power pr^acunicion or trim pulses CMesscrte et al., 
198S?)> Thfe data seis were acquired on the sample of pH 
3.5 at 25, 35, and 45 wldi 128 increments of 1024 
complex data points. 

Measurement of the 'H-**N NOE requires tte acquisition 
of two cxtwrimcnrs, one witibi decoupling applied during 
the recycle delay and one i^idiout. The NOE was meaJEured 
using two diffisrent pulse sequence*. In the first experiment 
(Kay et aL'j 1989) water suppjes^ioa was achieved using short 
mm pulses (Mcsscrle et al., 19S9). For the NOE experi- 
ments, wtjcre the dynamic rmge is large, 2 times over 
sampling tn F2 was employed. lu the experiment with the 
NOE, the spectrum was sararated by applying a nonselecr 
live J 33' pulse every J 0 ms for a period of 5 s, A series of 
ID experiments showed that, afer this dm®, ril amide 
protons wet© saturated to 99%. The data sets were collected 
on the sample of pH 3,5 at 25, 35. and •C with 128 
incremfinis of 1024 complex data pointo. Usually 128 
transients were acquired for each rl increment A tots) 
recycle delay between transients was set to 3.1 s (greater 
Chan 5 tunes the longest spin-latdce relaxation time). 
In order to check whether the solvcm-saCurarion transfer 
limits quantitative mjeaauremarit of ^H.- NOEs using 
ibc first pulse sequence widi spin-lock pufge pulses, the 
second, experiment was carried out in which all proton pulses 
ate replaced wiOi 1-X (Jump-and-recgrn, JR) pulses (Sorcnaea 
et al., 19?5>. Spectra were recorded at 25 and 35 ®C, with . 
the JK d^lay tuned co giv« intepfiiry iriaximum at 8.2 ppm. 
The mmi^er of scans per f I incromroc wb6 128, and! the 
spectral widths were 1428.5T afid 10 000 Hz in Fl and F2, 
rcspc^v^ly. 

Calcufyztlon of ReIi2xation Ram and NOEs. The steady- ^ 
state Nd$G were calculated as the raitos of peak hcight^s in 
die spectrum rceorded with pipron satgradon to mose in the 
specinnri recorded' without samrarion. Races Ri (=l/ri) and 

(=l/2ji), were fitted as stnglp-exponenlial decays to peak- 
height data using a set of scripts writtfih by Dr. Mlkae] Akke 
(pan of 'the Dr. Palmer's ModelFrce v-3.1 program for 
optixnizing "14parl-"Sscabo motlel-frec'* parameters to het- 
eronuclepr relaxation data). 

RESULTS AND DISCUSSION 

Assigriment of the Mobile Loop and Raof/S HalrpifL . The 
uniformly ^^N-cniiched recombinBut human HsplQ was 
prnpared by overexprcssion of the cPNA in £- coli grown 
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in minimal mMiiTm supplemented Uith [^^N]ammonium 
chloride, followed by porincadon jof the protein osing 
standard chromatographic cechniquAp* The subumr, mass, 
analyzed by bigh-resoludoa mass sbectcoinctcy (data not 
shown), is that predicted by the cDNA sequence (Moxudni 
et al„ 1994) cj^pcpt lacking the aminO-iiermiiial metEtionine, 
which also was Che case for mouse (Di kson et al«, 1994) 
and mt (Ryan et al., 199S) recombinmt HsplOs. Thus, the 
rccombinam Hsp 10 F^bably differs 1 torn dje namral protein 
only by the absence of an amino-i)erminaJ acetyl group. 
Recombinant btiman HsplO is as active as K coU GroES in 
an .assay of GroEL-dependem citrare kynthase refolding, and 
it serves as a cochapcronin recojpjxnant hamster HspGC 
(A, Garandy, K- Steede, P. Vjitajnen, and S- J. Landxy, 
unpublished results). 

Mtifll NMR experiments were cttWed out on the proteta 
dissolved In 40 mM potassium phcspbate bufC^i pH 6.8, 
and then die pH was lowered using HCl. Hcteronuclcor 
spectra were obtained at pH 6.8, 6 0, 4.2, and 3.5, There 
was very little difference between ipcctra obtained act the 
different pHs aside ftom some modest changes In NH 
chemical shifts, suggesting that nexther the rigid nor con- 
formadonaUy flexible parts of die pilotein w^ significandy 
affected by changes in pH over the range tested. All 
subsequent NMR experinaenia wen; carried out at p]Ei 3.5 ' 
where baokbonp NH exchange is ninimized. It should be 
tateiX that die crystals of HsplO os*d to solve th structure 
by X-ray diffraction were fiiov^ a; pH 3.5 and in solvent 
conditions ^imiUr m those used Cor the NMR except wiA 
the addition of die prccipitanc omroopium sulfate (J. F. Hunt, 
B. J- Scott, U Hteniy, J. Guidryi S. J, Laiftlry, and J. 
Petsenbofer, unpublished results). 

Oligorocric forms odxer dian the heptamef are not lifcdy 
to be substantially populated giytfn the c*ncentradon of 
protein in the NMR. sample. Scuilics cm die aggreg^don 
bdiavior of HsplO proteins suggests that heptaxuer fotinaiian 
is highly cooperativp. GroES ewatsknamotioiner-heptaniff 
equilibrium characterized by a dissociation ccnscam of 
approximately 1 monomer (Zoijidlo et aJ.. 1995). Under 
certain solvent conditions, tetra^ie ic species of the JMyco- 
bacterium tuterculosis H^IO and jumea HspJO have be^ 
observed (Fossatil et al., 1995). iiovrcver, the tetramerifl 
species were noted only for samples with monomer conecn- 
ttadons below 100 f^M. Where higher concenocations were 
r^Mi tpfT, die'dormnaiEL species vas i le hepstaotor. 
' Backbdoe and many side-chaij arul 'H nesonaaces 
6om flexibly diBordered segipenis (tf merecombiiwait human 
HsplO wcrp assigned using a cofpl>ination of ^H.^'N hcicro- 
nudear spectta (HSQC. HMQCrNDESY, and HMQC- 
HOHAlfA). Two continuous segments were idendfied, 
A21-038andK55-E58(BeocaH&7). - 

Sirtklngly, ibc mobile loop segtJent (A21-G38) of HsplO 
corresponds almost exactly to die mobile loop segment 
p^viously iddsitified m OroES. I'tecisely the s^nie andr^o 
acid residues arc not observed ftir several subuirits in the 
crystal structure of HsplO (J. F. Hunt, B. J. Scott, L Henry, 
J, Gttidry, S. J. I-andty, and J» : Iteisenhofisr, unpublished 
'rpBults),» ouggtating that there is a. sbatp transidon between 
.ordered and disordensd polypeptide chain. In view of die 
disposittop of the mobile loops in the GroES and HsplO 
crystal ^tructux^s, loop flexttnldy efndendy begins at the point 
where the polypeptide chain exitt d» p barrel domain and 
ends at the point of reentry (Figure! 3). In the crystal structure 
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NOSSY specimm Cb). Only the iniraiwidue corwUbonc are Jatjeiea. onsui m ^ 
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Hoof p uafrpln 

CO 



70 



I eo 



90 



gray (KnSmiri & van dw: Vies, 1993). 



of HsplO, the NH of 320 is hydrogen bonded ttie CO of 
042, and therefore the fixsi and last iccsiduca of die mobae 
loop Ue close to each other. Clearly the chain reverse* 
diEECdon in the course of the mobilft Irop- 

In addidoo ro da^ mobile loop, fbur residues (KSSyESg) 
of the loof bairpm are Bufflc«Miely dynamic to UP asasnccL 
This obsetvadon is not surpming since the entiiae roof /5 
hairpin (S52-Q60) o)E some tfaplO subuniis is iiot seen in 
the crystal sm»ccurc. The assigned residues are only just 
mobUe enough to be observed by NMR. Cross peaks 



;d only ifl spectra 
residues ^served 
axe disordered, bUC 



inyolving K55 and E58 could be 
oboined ai 35 'HZ and above. Prw 

neirfier by crystallography oor by ^ 

Sm Jo^ BK, Slow to give MfflR^Jy f««^/«3^ 

jTui HspioTmc roof i9 f JSL^ 

STtTa piSy of stabilizing iWEjacdons.. ^^^^ 
toof fl tairpin* fvofs fbz p08SlbiIicy| that i P«««V* ^ 
Snay exit from che HGp«VHsplO complex tluousfa che «of 
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FtauBfiS: Ribbon dlagramsofhumimHspWsliovang 
f*» moWte loops and roof i9 baitpins. Tbe "ade" 
doffle-sb-ped heptamer is showfl in the upp« pand, 
view iTirite lower poncl. S™w»a^ da» *e 
nation of die nwlccule •>« provided by J. F TOnt B. J , Soou, 
T«emv J' Guidry. S. J. Lond^, and J. Delsoohofler, Cuupubhahed 

^-binding mobilfl loops exiend out^wd 

hvpodwdcal confermadons of the mobile loops w«« geoOTted by 

Gnca asla wsTOlaes. The diagrama were prepased usrog the 
pcagraoi MOI^caUPT (KraalU, 19910-. ' • / 

of the KsplO OJunt et al„ 1996). Tlw T4 HsplO Op31 was 
pjedistsd' to lack a poof hdipto aUOfiBthcr <pmdry ct aJ... 
1996), aid this was borne out Hy the receoi solutioii of its 
ciyscal soucnnc (Hunt ei al-, 1997). , ^ ... t« . 

A Nasee-tHatrpintn the Mobile Loop. Despite the lugWy 
dynamielbehavior of the mdbUe loop. NMR data uwiicfiw 
tbaL tbe I mobile loop sanHpl«8 a preferred confonnaUOft 
conialiUiiganjranearibecenwrof thelwjp. A«expeciedj 
ftom iha; loop's flexlblB motiiliiy, mo»i of Ae H» 
• 8hiffa(4]En«»wiftjA 01 ppm of random mC^ 
4). Hc4cv«, *H* of three tssidues (V25 T26. and M3 1) 
have vatti^ shifted sccatsr than O.L ppm dowpfwla, wnicn. 
sueg^ *ey tsnd n> adopt an aneuded or pooformatioil 
(Wishart Bi aJ., 1992). InformaHon on the backbone con-^ 
ftinnadon can be obtained from NH-HP cpupUog consEamS 
CJtia,i\'<ha», the HSQC-J experiment was performed, and 
Vnita vote deranDinsd for aU loop residues c wept (WT 
taiensity). 028. G29, and 03g (ambigujiy of two H») an<l 
P33(aoNH). Values jof'/Nitoiab«tz art as foUows: A2I,. 
6.7; A22, 5.5, E23. 7.1-, m 7.7: V25. 7-7; '^6 7 7; K2l 
6.2; 130. 7.7; M31, 7.1; U2, 6.2; E3d. 3.9; K35. 6.3: anf 
S36, 6.7. Unbiased conftMiuaiional averaging of the baCK' 



6H» 
41.1 0 



Cpp«) 



I^andry et al. 

2^ 




^ "^"^^^^^^^I^SbS^^rTt «ulom coll valHBS 

^ha« ec al., 1995). dH« value, fet \25. TM. Wd J^;^"^ 
deviodena griar than 0.1 ppm ttpfl dd. Upfi^d d^*a^^ 
^oetued JfcTTshMl secoodaiy saw me. A ''f'^^^tXtL 

d£L5eltnSc»*i«'8 a dionge it) *e tonfbraiadonrf b,»» of Ac 
loop. ! 

bone dihedral aDgl£ ^ yields 'Amji io the ^ 6-7 
(Pyjon & Wright, 1991). valu«. ■fetow dus 

range indicate a bias toward evaded or ^ conformatton. A 
BuSber of the Vp„a for loop reslddes arc m cxoeaa of? H2 
(E23-T26. 130, M31); dius diey t^nd to adopt an ewradcd 
confarmarion. Nevenfacless. thes* reaiAies spend nly a 
fticdon of the tiaie hi an extended confopinatiojj as Jtub.. 
.fpr tcsidvea in- iff smwrtme of nafiW protems ^c^y ^ 
8-10 Hz. The combination of elWaied dH» and ctevawd 
V«LaJlendcalora4Iaccniie»iduk^ 

i^SdS^oimalon in; tbeTses««iC8 Ba3-T26 and 

^^^^^pected for a l«gely dlJort«ed P^VV^'^ 
medium, oj long-range ^H-^H N<>Bs are observed. How- 
ever, most se^Tntial NlWra NCffi* arc evidenr, mclwJw^ 
asSoneStrespoodingtoCWallSOCPlguteS). Anytype 

* of dgtit cum should ppodoise at 
J4H/NHNOEy and G29/I30 lies 
are biased tward .the extended 
Since chaja must reveise xtse^ 

.reaidues K27-G?8^029. Tb^5 
' hQjjiologoufl CO tk^ sequence 

' turn ifl ihe GtoES ntoM e loo^ 

■ (Landty et al., 1996). Iti5Cc«oi 
adopted by the loop upon M—'- 

' of to more favored confo 
similar coufonnaiional bias waj _^ - 
and Gp3 1> in «toch the NH/NH NOEs hornologous «> ^ 
Of HsplO 029/DO also were pronfinenc (Landcy et aL, l^'^fy)- 



jost oioc atrbog seqtiicntLal 
©a cwo oegnierrts- diat 

jbnnirtioft (Bgure 2). 

becween the loop cndjSi a 
le a ^ hoixpin oentfited on 
ed sUC'fot'a mm is 
i3-024> that toma a 
_ while bound CO OtoBh 
jid thai: tbfl eonf oonadan 
to OroEL sliould b© one 
_ in the &e& protein- A 
id^c in spectra of GroES 
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FiciWE S: Seqaendal NH-NH NOEs in the mobjjc loop. Ciobb 
pa-^iTB bccween sOQUenilal NH rcsoaaccea are lebeUd m due pomon 
5^ HMQC-NOE3Y spectrum of HsplO (NOBSY^ix^ tm^ 
130 ms), Tlie largesi croas pcnk corroBpoodc co an NK'-NH NOT 
fterween C29 and £30, suggesting a rendiaicy to fidtm a turn. W 
prcvioua T^ofk, bttDng NH-NH NOEfi were Otrseivetl O^wect 
xUldiiefl hoinoloews to G29 and BO in GroBS and Gp3 1 , wid these 
cesidQes are locmd in *fl mm descriDcd by CrNOE NMR for ii>c 
GroEL-boupd (wnformacion of CttC OroES and OpSi mpbile loop * 
pepudcft (Landry ct al.. 1996). 

Fcanirca of mpbtle loop dyniaxnic fl^lbiUiy are evident 
In the r> and Ta rclaxadon tbnea of the bacJdJone ?midfi 
[*^nicrogens atid In the Intensity and sign of the ^H— ^^N" 
NOEs (Figure 6). 'H-detected relaxadon and NOE 
experiments were perfonued at 25, 35, and 43 -C. The Ti 
and Ta data shown arc from single cxperimcntfl. The NOE 
data shown a«fi &om the average of two cspcrimcDts each 
at 25 and 35 •*'C and from a ^gle expcrimenr at 45 
precision was evaluated for repDcaces of the experiments as 
well as in me fining Of a single data set, Ejtots asaoeioied 
wjfh moans for diree Ti and Ta experiments were sligbUy 
greater dian ecrorB associated udth fitti^ 
thus, only die errors associated with the means for three 
;tpcTinienta are discussed. GcncraUy, thq cjfrors are larger 
at die loop ende due lo low intensity of ihe cross pcpks. 
The cnor in' ite mean for dweo Ti ^x^periments ai 25 *C was 
in me range i\5-2,9% for residues A22-Q37 and wag 7-d% 
and nJ(}% fot reaiduels A21 and TEsppc;^Vfely. The error 
in die mean for diree T% experiments was. In the range 0-5^ 
1.5% for residues A22--QS7 sod was' 6.2% and d J% for 
T^idues A21 'and G38. iBspeodyely* Reproducibility in the 
NOE resumes iwas aspessM by a .single repUcaxe eac^ 9t 25 
and 35 °C, Generally, ti?e ecrors are larger naar the ends ot 
the loop, where die NOE appcoashes ?seto and dj6 intensity 
fdjepeaJcsalflolstow. Standard error of tfac mean between 
die two experiments was in the rapge l.lr-12^ for rcsidv«^ 
E23-I-32 and 3-32% for residues B34-G38. The value 
of the NOE fbr A21 and A22 dcviaced by sever^lfold 
betweea the two experiments. 

At all temperatures, most of the NOEs arc negative, which 
ifl cbaracterisuc of disordered polypeptide segments. Gcner- 




fjiauBS,6: »H-*^noclearOvc»^iui3ereffactiofinoWlfc loop amide 
groups and epin-lardce (TO end spin-spiri (Ti) celaxacion dmtra 
to roobilc loop amide [Wiflt>if«>g«» « 25] C (black souarcs), 35 
"C (Erav cirtles), and ^5 °C (open triangles), AT most jesiduo 
poaWoM, dw NOB is ^legaiive. which Js lyrfw^ ^ ^1?^^^ 
dSordar^ polypeptide chains. Two maxWa aiK27 and M31 ac 
25 coaJd result from a confonnadonal bias. The alteree protiie 
at higher temperawres intJicaiw & chnngo in tb« dificnbttiion of 
moDon and Thcretoe suggests a dumge in c^nfonnanon^ ^l^JS^ 
temnerawie dependence of die Ti is mvotied fbr residues in the 
nUddJe of die loop cn€-L32), iridicadng *iedoD dntninfflEd try a 
time scale sfaorrer diao 3 ns f pr tbat s^gmedL The thr^ 
a mniumum nw dye cenie^ of tbe loop. aril. the 72 ftj all 
loop residues faKTr?^"" as the temperanirc hsca tmtn 25 co *3 ^ 
OA 5ftpect»d for increased flasi morfoi Howivcr. Tj, docrtafleB tipon 
fiinha^ headng to 43 *C Thus, a ^^crobcotwd to miULBec^ 
exchange process mate a more sigmficenk cpnmbudon «> spxn- 
spin relaxadon in d>is c unpw arure range. 

flUy, all chree measures. Tu T2^osxd ^OE, indwiate greater 
mo bility toward xh& cemcr of the loop. I This feacure suggests 
that the most signifioaof anadunetic of the loop co d)e rigid 
pordon of Hsp^O is through dje cdvalent bonds of the 
polypeptide bacKbone at die loop 

Inversion of the Ti Eemperarure dcpindence m me middle 
of die mobile loop provides a reffercflce point for ±c dme 
scale of loop modoDL. In a swgcipl© mddel for die iclaxaiion 
of an amjde ninogen acom cjspcricntding isoccopic otocion, 
Ti a» & funcdott of correladon timd CO Eocs diroo^h a 
mmiinumncar3oamft500MHzaelxi; dms die iempc:raturc 
dependence of Ti Is inverted upon jpflssmg through this 
minimum- Ti decreases with increasing temperature for 
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anu«l& grooeff having 2w\ tyhcfcas Ti iiuroases wjili 
Increasing ceinpcraturc for amide groups having rc < 3 ns. 
Tlie tempexanifc dependence Of T\ for nzost aiobOc loop 
gm f^i^ is dDDfiifltem widi motioa having > 3 ns. However, 
B. fcvr axmdes in th ccncor of tibe loop Cn6-*L32} oKhibit 
longer 7*1 ai elevated leinpeiaiuic and therefore e^pcriecec 
motion baying rc <'3 ni. 

DiffcrcDLt dynamics xneasurea indicate sligbdy difFereni 
posUons of maximum mobility in die loop, ond the maxi^ 
change wiith temperature. The various rslaxailon mecha- 
nisms arc sensitive to modon on 

different time aeales. Thus, 
a complex 'hannony of coofonoaiional fluctuations may yield 
a comprex relaxadon profile. 25 *C maxima in the NOE 
prof^B occur ai K27 and M31, but they are progressively 
overtaken by a single maximum at G28 ea- the temperarure 
is raised ib 35 and 43 "C. Ma;^imum flexibilicy indicated 
by 7) occurs near 130, Although the maximum in occurs 
near the middle of die loop, interpretation of T% in terms of 
loop modon is severely compromised by a contribution from 
chemical exchange (see below). 

Changes in with increasing temperacuxe over tt>e 
range 25^55 *C suggest a change in confbmsadonal behavior 
Crtgure 4);. Tbfi <5H» for six residues CT24. V23, T26, 028^ 
M31, andiQ37)moveupfieJdD.06ppmarmWTe- Since the 
6H°^ of T24, V25, T26, and M31 deviate downfield at 25 
^C, the upfiekl movement at elevated cempcrature saggests 
thai the cdnforpifltional behavior of these residues becomes 
less biased toward eKtended conformation and n>oce like a 
random cbiL In contrast, the upfield movement of the G28 
(JH^^ tttsulu In an upfield deviation ftom random ooil values 
at 55 ®Ci suggesting a ocndency toward cum formation. AH 
of the residues exhibiting sirongly tempcratuns-dependenc 
AH* except Q37 arc implicated in formjation of a hairpin 
mm upoii binding m Hsp60 by homology to residues in the 
GrofiS mobile loop. In particular, V25 and M?l correspond 
to residues (K20 dnd V26) in GroES (hai lie next to eaph 
other on opposite strand* of ttie hoiipin* Wc suspcpt 'diat 
juxtaposition of Aiese reBidUP,s in the nflsnenr hairpin strucnire 
conmbutcs to concened changes in dlX^, 

Spectral Density Mapping of Boci£oM Morion, Two 
genera] framewozks for analyzilL^'bacidjEiDnc dyoaxnics have 
been applied to NMR relaxation 6zt^ i(hc' model-free 
approadi.CLipari & Srabo, I982a,b; Kay «t al,, 1989^ Clore 
et aL, 1990?uW and speoiral density mapping (Peng & 
Wagner, |1992', Farrow ct al„' 1995b; Ishima & Nagayanqia, 
199S). iThe model-free approach \xs9ic& down backbone 
motion iAto various time scales and wights thek contribu- 
tions. Various forms of spectral density function are 
Constcuoiied with two or three correlailon times (including 
one for |the moleculBr rotation) and one or nwo order 
parameters. Usually, the^'molccular rdtadcmal conplaxipo 
time (TToj is estimated &am values of Ti/Tz for residue in 
the tnoBil well'-'prgaodxed parts of the pmrr,in. A best fit of 
•aU rela^ptioA measures for each residue is obtained with the 
various tbrms of spectral density funcdon. JmdzSfy the 
simplest; form is attempt^ and then progressively more 
cor^Iicoted forms are tried. ISome residues require a 
pbcnom4nDlogical ebcmical exchange tenn (/!cx) in the , 
equaiioit fbr in order CO obtain an adequam fit (Palmer et 
al., 1991}. 

Sevctal properties of HsplO render imsuitable the siraiegy 
to globally fit the relaxation data with die madcl-&ce 
formaliemr First, any single estiniflre of Tp, seemts unreliable 
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FfCTJfiE 7: Speenal density ftmcdons 
time for an amide expeneoclDg lsotro]{di 
in JiOid occurs at approximacdiy 03 
Data points were elaborated with iho < 
icjrn ^hcrc tt>H = 500 Mliz and <tfpr 



4s a AmcdoD of coirdadon 
pi^ modon. The maTumuzn 
. nfl, and in J{<Ufi)y at 3 as. 
ejaoadon /|fa») = (VjMI + 
*=50NiHa. 



or inapprc3priaZE. Our esdmates of mige i^m 37 us using 
HYDRO (dc la Torre ec aL, 199A| with Che X-ray crystal 
smjoure to less than 18 ns by graphical ^ixpnlation of the 
relaxation data 9nd Its temperature oependence (see below), 
. Second, die molecular xotarion of HqpID is expec t ed to be 
strongly anisotropic, artd thus the hralsa of Tm wfH depend 
on the relative orieniaiion of the pardcular NH bond vector 
widi die axes of mc^ecular rotation- IThe dome-sh^Md HsplO 
hepiamer may be described as anjoblaiB ellipsoid with an 
axial ratio Of 2.5» and the mobile Ib^pS c^ien^ling from the 
lower edge must also affect the mplecujar rota^n. Third. 
Che magnimde of the phenooyenological cbeinical ex^tang 
term is large, and therefore assoe^tcd errors ate likely to 
eaverely distort the analysis. T% measuremi^is carried out 
ar diree different CPMG petiode {h 0.5, and 0»25 msi) suggest 
that chemical exchange makes a significant contributioh, but 
the data weire xiot readily imerpr^table. Furthcxmorc. the 
'drmMiic decrease in npon inopeaiing the tenipcra^ 
33 to 45 '^C may derive only ^om a.large increase in -Re^. 
, Spectral density mapping is a mote sirai^xtfarward melhod 
to analyze badcbone dynanucs, ^ppctcal density mapping 
can evaluate the breadth of backbone motions as well* as 
assess the extent of modon on | the tone scales of the 
experimentally measured resonances. Theoirtical curve? ac^ 
presented for the three spectral dens^ fimcdcms as a fimedon 
of potrelpdon tiwe for an iflomjpic row CBguTB 7J. Since 
. /(O) is affected by chemical cjtcbange, it is underestimated 
in the present case and wlU'BOi pe cfisuussed. HovevcCr 
' 7(<2^> and /(oftO are: determined opiy trom the valu^ of Ti 
' and NOE ^nd therefore aip ' 

to Tz fitu^ fhmifrtal exchange. 
' $ppreciatBd'diartfaere^>onseof 
to faster motion (for* exam]pl&, 
flppentls on the effecdveness vddi 
JEunction samples tbejdominnit d 
meosixnsmenis at a'siagnetic d^ld o| 
J(,o)u) most cf&ctively samples 
P.3 ns, whereas /<a)>^ samples 
9calc of 3 hs. Ac elevated tempi 
to faster time scales and the speckral denaiQ' function may 
increase or decrease. Fcir exainple, when the donunant time 
scale is slower than 3 ns, /(ojn) iicreases; when it is faster 
than 3 ns. /(cun) decreases. 



itive to Qisy ontzibution 
thisse plots, it can be 
spectral density ftmctlon 
elevaxed temperature) 
'inch tho spectral density 
scale of modon. For 
.7T(itfK = 5(X)MHz), 
on near a ume scale of 
]rsi enecdvsly near a time 
motions redistribtttc 
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Floure 8; Spsctral d«o«ixy funcdons for mofaiie loop aznide groups 
ai 25 ''C (bkeJk 'gquares), 35 'C Cgray clrdes). and 45 (Open 
trianglefi). ITie mngniuide and tcflipefBnire dspendcflcc describe the 
emenv chat backbone modofl samples motion on me conespcmdms 
nme scales. As expccCCd for modon near die nanosccund tUivc 9cnlcT 
the proHles of JUi)vd and ^((Vk) xcsemble die profile^ of Ty and the 
NQE^ respecdy^, /(cvh) fnocascs olmosi unxformly pver die lebpdi 
of die motrUc loop, auggcMMg djnt dicz© is ft nnifonn acceJacMion 
of local confonniidonal fluctuation* Aa Ui dio prpHlfl of Ti, dte 
mvertod teaiperdiure dopeodenee of J(tfK) ixrdicatefi a transition to 
pxedominaiiuy ££i«t rnouon ia d»e center of Cbe Toop. The lenEtt) of 
cbain froTD di8 fixed emls of tbeloop co tfie ctansidon tp modon 
18 aj^pzxsxuTiazEjy Elve residues, equal 10 Oie peralsicnoc lengdi of 
an unscmctuicd polypeptide CCancor & Scbimmd, 1980). 

The 7i and KOE were fitted id simplified equations based 
on ibe spectral dcosiiy fimction3» Afi)^ end J(ohfi (Farrow 
et aL, ig95b). ' Plots of -flC^Wii) and /(oiw) calculated ftwi the 
rela^^otion data reveal bow motion on these two Ume scales 
is dismbuted in the rpobile loop (Bguro 8). exhibits 
a profile similar to (1 — NOE),.?id Jiond cjihibit* a profile 
snpfllar to IFTii These sissilarides arc radontaU^ as fc^cnys. 
The equadon .for l/Tj is a linear combination of terms in 
Jiond /(ce>h) cocopar&bly sized coefficier^a. Since 
y(an>() mapb larger chad /Co^ for amides experiencing 
mott n prsdomioantly on the nanosecond time sc^le. the 
equation is dglroinaiBd by 7(a/rff)- Tte equation fop die NOE 
is essentially one plus the product of 5^£Uh) and Ti. In the 
preoc&t data as well as other studies, Tj varies by no mote , 
than apprownately S0%. ThOftr a cotnpaial^ aihounl of 
variaCioii in Apivd donsioatas the NOE by a. factor of 5* 

The backbdue dynamice and especially their tempmtuie 
dependence a}» convecricDdy in tcipcc ted in tcizoff of ^(^h) 
and J{fi>^'). J^q^h) rises with cempeFamcc almost utufbrmly 
over the leirgldi of dxe rpob^e Loop, indical;atg rttore rapid, 
local chain dynamics. Near die ends of the loopi J{<i^) 
inczea^ with elevated temperacuie. Presumably, this 
reflects mopa rapid tnoleemar rotation and/or large-scale 
conformatioD^ fluctuations. In die ipidiDe of the )oopt 
dacreases with elevated tempcraiurc, as cxpccbd for a 
redistribution of modon to faster time scales. The craosidon 
to dominance by fast motion occurs fiv© residues from both 




!II«plO 
Loop 



FiGu&E9t SMnuIadons of die fipecm density Amctlon/CcUK) 0^23 
«C (blade eqoarws), 35 (gray orcles), and «5 'C (open trianel^). 
Data points wcjc elaborated wld) the cq.»adon J{g>) — ^Hi^rtJ 

[I + Imfnf] •+•(!- SWIl + (<tfT)»]>, whcfe T «= Tmti/(*« + Tj. 

The indicated values erf Xm and concffion^ to ttio simuladon at 
25 Tte values of t„ and te »i 35 and ASrC obtained by 
Ctie reladon it =■ 298*^/7", where r is die t^p«raiura in kclvins. 

rhe and C-temuiial ends. SfAcc the p|eraisect^cc Icn^ of 
a disordered polypeptide is approrimbiiely five residues 
(Camor & Schimmel, 1980), iheee traxxeitionB rtay simply 
Tcflrct the dimlni^ed- influcaoc of moloolilfu' nwanon on local 
rel.axadon rates. The propagation of nanosecond (or slower) 
motion along the chain is washed out by past local dynaxnics. 

Graphical aimujiadon of /(^) and tits Eemperature de^ 
pcndenoe using the lipari— Szabo model 'fitiett formjalism 
permits the esilmaiion of an opcradonkly defined rm and 
mi effective eorrelatiaaa dme for local coiifotmadonal fluccua' 
tiqn (re) (Figure 9). In this siimdadonji r„ is not liJaaly co 
correspond to the molecular rotation, i Hap 10 may not be 
sufElcjently rigid for the molecidar roratiop to be copiuied 
in the properties of any of its indlvidnM atoms, let alone 
those of the mobile loop. Nevertheless, an opexatxoaally 
defined Zm serves as a useful benchmark to differentiare 
where in the polypeptide sltiw and fast roodons donnnate. 
The' te;°ciperanire dependence of Tq, and! is assumed to be 
conjtniUed by "Ki^'. boundary conditions for rotosional 
diffusion and therefore varies as a .mnc 
/to is] die frictiona). co^mxuent for roc 
the Boltsmann conotaiitf T is the i 
TUs assunipdon coatrasts wdi the.ieii 
behflVior of observed for folded' rib 
ec aL^ 1996). However^ in the RNase H j 
to reflect iho time scale of juiBpsbefewed 
conform^onal siates* la the case of tpe mobile loop, Te \& 
coo^ likely to be dominaibd by segnjcntal motion that is 
resisted by solvent vxgcos^ty. Utiz ^impladons * generate 
values of /(ctn) in the experimentally observed raiige when 
die correlation tnnes are as follows: 14 n» im' W 



aoD of /ro/2AT, where 
.{ional di^bsioDtf k is 
linlGSlvms. 
^indepetident 
lease H ^andel 
bystem* is believed 
^n xl/early isoenergetlc 



and p,6 < < 0.7 ns- Within tl|is ; 



iuirc p ioa of the temperatore 
0.5. Ir Is reasonable that dais value 
distance torn the loop ends thai 
persistence fength of an uftscructured 

The magnitude of the simulated J^iHi) temperaaue de- 
pendence for = 0 (3.3% p r 10 *'C1 is less than half die 
magnimde observed for residues in tibje middle of the loop 



igiipe of dme scales, 
occujs near 5® = 
[oixld coincide with a 
. e(3[uivalcnt to die 
iiypepdde. 
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lOWt Biochemistry, Vol 36, No. 36^ 1977 
(72%torK27bccwcca25flod3S^: Pbriiapstoift disparity 
poinis to cojtfdnnatlonal fluccuadoaa dm arc o6t adeqoaiely 
Emulated aarocadonu Morion wUli a transladonal cojnpOTCm 
Utg "swlngUie^ of the loop) is expected to have a mQCh 
bi^ec &icdbnal coefflclem and therefore larger tempetatum 
dcpendeacfi. 

CONCI-tJSIONS 

The roof p haiipln of human HaplO ie aufficTCTjtly 
disonlcrcd ttiat it i& observed by solurion-phasc NMR- Thid 
resulc strongly suggests that the abseneit of roof ^ hairpins 
from the crystal structure of HsplO is explained by tbdr 
dynaipic flexibility in the crystal. The existence of die roof 
^ hairpins remains somediins of an enigma, hut these results 
rapport the. earlier suggestion chat under some circumstancea 
the roof B hairpins open a charmel to the folding chamber 
in the chkt^c^min complex (Hunt et aj.. 1996). Whether 
protein jjOtistraces or odier umlccuJea nonnally pass through 
ihifi aperture remains unluiown. 

The high degree of dynamic flexibility in the human HsplO 
mobile loop confirms thai disonler is a conserved fcemrc of 
this Hsp6a-binding loop in Hsp J Os of eokaryotic mltochon- . 
dria « wbll as of bacteria. Thus, flexibijity itseEf is a 
ftrocuonaDy important cbaracterisilc, * We have propoa<5d that • 
nexibilJty dlows the HsplO/Hsp60 complex m accorap)odatc , 
substrate-specific dlstbruons when die HeplO binds to ao 
HBp60-Bub8traie compleJl. The near-idcndcal length of 
mobUc loops in hwnan HsplO and cali GroES may retJect 
optimization of dwse HsplOa for a similar spectrum of 
substrate proteins. On the other hand, die longer mobUe loop . 
of die T4 Hsp 10 Gp31 may faciHtatc Op31/GioH.-assi5te4 
foldtag of a single substraie, tfae T4 capsid prmehi Gp23. ; 
Perhaps the longer loops allo^ Gp31 to "reach around'' 
GfoEL-bound GpM, At 56 kDa, Cjp23 Is wong die largest 
proteins thought to depend on an HsplO for folding. 

We have proposed that xDofaile loop disorder moderates 
thie affinity Of HsplO binding to Hsp60. The conformational 
bohataor of the h3op seems to be biasedto adopt die H5p60. ; 

bound copforroadon, but it must-not !je frcordered in the 
exrau ihar binding is coo dgbt. The multivalent Interactifln 
between HsplO and HspdO amplifies aensidvity to bmding 
afEmity. Thus, binding and dissociation are delicately 
balanced by the interplay of mobile loop structure. and 
dynamics. ' , ' . ' 

The pyrroUdine ring of P33 could resoam backbone . 
njobiatyi in the caitaxy-wntunal portion of die mobile loop, 
MutafioA of P33 to any other residue, should substantiajjy 
hictease' mgbiUty and tb^ore reduce Hsp60 binding., 
affinity- Two r^sezteh groups independendy isolated tern- 
peranir^BWitive' mutants Jn the gcnc.for yeast HsplO that 
specifici substitutione for proline in the pos^don bomnlogous , 
to P33 (Hohfeld & Hani, 1994; Dubaqui^ et al„ 1997). In 
tbe stu4y by Hbhfeld and Hard (1994), tte temperance- ^ 
scasitivfe ^fect was tecapltulaied in vivrv. HsplO binding- 
to GroKL was lost at da© noapermissive tattiperature and' 
recoverfcd upon shift to the pcrmiMi'*'© temperature, These 
eu^orsJconcUided diat the defective proichi could tcvcrr to , 
the actiYC form. Tliis behavior may be explained by. 
excessive disorder in the mutant mobile loop. If the dynaraic 
fl xibility is too great, dien the ntropy loss upon binding 
may be too unfavorabl , 



I Landry ec al: 

;Tcmpcratnie-dependent h^aagea In HsplO structure and *',■ 
dynamics provides a xncchaniam f r regulation of Hsp60 
activity. The increase In mobile loo^ dynamics at elevated 
temperature must tncreaBe die encrop|lc cost of ordering the 
loop upon H5p60 binding. Reduced|H«pL0/Hsp60 affinlry 
migfai result unless the greaier cmropjic coat is compcnsaced 
by other changes in the ioteractioo ihar favor binding, such 
as enhanced hydrophobi inieracdoa, altered behavior of 
HspW, or possibly changes in die Conformational bias of 
die mobQe loop. Indeed, a rcduc)dion m OroES/GroEL 
complex fbrmadon was observed ak elevaiedttmperamre 
(Go^iubinoCf el al.. 1997). Howeve^, since ATP hydrolysis 
is accelerated at elevated tfimperacjire, it remains unclear 
whedicr diis b due to reduced GroBS-GroEL affinity or a 
reduced steady-sxatc level of GtoELl(ATP). 

The deviations in ^ H** and t^m random coU values 
and tbe complex profile of loop dyiicmie3 suggest thai the 
conformational behavior of die loop is biased toward a 
hairpin conformation, and the*conforb;ational Was is reduced 
at elevated tcmpCTamre. It wiU bd mteresdng to examine 
how mtutanons affect the conf omiatidnal behavior of die loq?- 
We suspect dial some mutations wd incnease HspfiO binding 
affinity by ftirther prcoidcring of |dtje loop m the HspfiO- 
btndxng conformation. : 

The lemperamrc dependence of the Ti and NOE provides 
a useful measure of the time scald of backbon dynamics 
Chat is not compromised by roictjosecond to mmisecpnd 
exchange processes. In die case bf d» mobile loop die 
tenmerature dependence Of Ti and /(oin) inverted for 
Sues near dje middle of the lo^ip. Thus, t»5c residues 
experience motion dominated by a |dm©.6calc shoitw than 3 
nsr^nd this motion is subject to fifiitional drag. Simulation 
of y(ttJfr) in tenns of the tnodel-lfree formalism using an 
operationally defined molecular cjapcelation time <r,r3, an 
effective correlation cLcnc for local confonnarional fl»««^ 
done (rc), aod an order paianicbr (S^) shows djar the 
influence of weU-ordered parts <Sf die molecule on local 
dynamics fades as predicted by dii persistence length of an 
^ unsttuccured polypeptide. The siiiularion suggeste thax^ 
longest rime scale of motion extJKienccd by the NMBr 
accessiblc loop residues is approtwrnHtely 18 ns- This is 
considerably shorter dian die time scale predicted for 
molecular rotation of the HsplO pep tamer o n d>c baste of 
the X-^ay oryflcal structure. The discrepai|cy could be due 
* to large-scale con&nnadonal fld^tuarions in the loop Of 
vibrational modes indie HsplO Notabl^^, a microsecond 
to imllisecond exchange )?roces5 is' present at 25 ^ and « 
becomes much more pronounced at A3 -C. The nanirc: of 
this process is urjlaiown. ,Oni potential «^a"8e the. 
' :dissocUifon of the J&cptamer into monomers. Aldiou^ 
GroES underaoes dissociation odtbfc time scale qf inmutcs 
at 25 (Zondlo et al^ 1995), die^ociaricn of human HsplO 
£n our experimental conditions ytMcA be suf5cieiidy faat to 
cause exchange broadening- The fastest motion in the loop^ 
•charactcrfzcdby ^ - 0-6 ns, is cbmparableio the time scale 
of segmental motion prcviouslV tiJported for oohnatiw 
• proteins (AUerband et al^ 19ll; Torchia et al., 1975; 
Al»and£cscu & Shorde, I9Sy4). | 

The studies repotted here provide a Mrly detailed picmre 
of die raobDc loop's dynamic c tformaiional behavior. The 
wide range of time scales of mention observed m this short 
length of peptide and the variety of structural infonnation 



FROM BLDSC URGENT ACTION D 

10986 Bi^hemistry, VcL 36, No- 36, 1997 



(TUE)07. 09'02 13: 50/ST. 13: 40/NO. 3580015316 P 13 



Roflcmah, A. M-;'Chen, S, wmm, H.. Braig, & SaltrtL.K- 

R. (199Q CflZi 57, 2Al —251. 
Roepeart S-' Junne, T., Glide, B. S.. & SctiaiZ, C. (1993) /^W 

lipL 358-360. 
Ryan, M. T., NaylOT, D. J,. HoogcnraadL N. J., & Wi, P. B. (1995) 

J. Bffl/. Cftfim. 270. 22037-22043, 

Schmidt. M.. Roctott- J^. R^'^L' J^-' 

Vuiancn,.P.. LortlUCX, G„ & Buchncr, J, (1994) Science 265, 

ShS?A^J-', Lcfc, C. J., & Piocs, A, (1988) /. Magn. Hason^ 77, 

274-293. ' 
Sklciuir, A. J.» Lcc, C. J,. & Pinea, A- (1987) J. Magn. Rsson. 74, 

4€9— 479 

Sorensen, M- D.. KricwDsen, S. M,, & Ud. J. J. (1995) /. Magrt 

R^on. 107, 83-87, 
Torok, Zv, Vigb, L., & Goloubinoff, P. (1998) /. BioL Chem. 271, 

16180-161«6. _ ^ ^ 

TorcMa, D. A-, Lycrla, J, R., Jr., & Quanrane. A- J. (I97J) 

Biaehsmistry 'fa, 887-899. 
van MierliD, C. P. M.. Dartjy. K. J-, Keelcr, J.. Ncuhaus, D., 6c 

CteightocL T. 'E. (1993) Mol Btol 229, 1125-1146. 
Vutanen, P. v.; Lorinier. O. H., Scexbanun, R., Oupia, !t S., 

Oppenhelm, J., Thomas, J. O,, Cpwan, N. J. (J 992) / Biol 



. Chenu 2€7, 595-698, ... ^ f.la.; 

WeisEraaix, L S., H hi, C M., Kovalenko, p.. Kasbu Y., Chen, 5^ 
X., Braig, SL, SwbU, IHL Fenton. W. & HorwiCll. A. L. 
(1995) Cell S3, 577-587. 
Wiaharc, D. Sykca, B. D-, & Richards, P. M (1992) Biaehcmisny 
31, 1647-1651. 

Wlflhait. D. 5.. Bieam, C G., Holm. A,. H[gdEC5, R. S-, & Sykcs, 
. B. D. (1995) /. J5/0/noL AM« 5, 67-811. 
Zcilflu»-RyallB, L, Payee, O., & Gcorgtodnilcw, CL (1991) Ajwtu. 
' Rav. MUrohioL 45, 301-325 
Zhang. O.. & Forman-Kay, J. D- (1995) ^jjemistry 34, 67»4- 

6794. ^ 
Zbou, H., McEvoy, M. M.. Lowty, D. ^wanson, R- V., Slraoiu 
M. I., A Dahlqulst, F. (1996) Bioch^misny S5, 433-443. 
Zank, T., Rom, A.. Luot, K., CiesUr, C, 



T. A, (1994) Bicckemistry 33, 8453-8463 
ZoDfllo. J.. FlsWer, K- E., Lio. U, Docofc, K- R-, & Eisensieia, 
• E. 0995) Biocfiemisrry 34, 10334-J033 
Zmdofweg. E- p. (1990) J. Magn. Hesai^. Sen B SfS, 346-337. 

BI971H1P 




Rudolph, R., & Hol3dc 



1 
I 



